Reactions that involve the fast removal (knockout) of one and two neutrons from the neutron-rich carbon isotopes, 15−19 C, by light nuclear targets are studied within an eikonal reaction model. Shell model calculations are used to describe the excitation energy spectra and the structures of the carbon isotopes. The calculated one-neutron knockout cross sections from the A C isotopes, to particle-bound configurations of the A−1 C residues, are in agreement with the available experimental data. The two-neutron removal cross sections, producing A−2 C residues, receive contributions from both the direct, single-step two-neutron knockout and the indirect mechanism, involving single-neutron removal strength to neutron-unbound excited states in the A−1 C system followed by neutron emission. The latter two-step reaction mechanism is shown to be dominant. The empirical odd-even staggering of the single-neutron separation energies along the carbon isotopic chain is reflected in the two-neutron removal data. This staggering and the magnitudes of the two-neutron removal cross sections are reproduced qualitatively by the theoretical calculations.
I. INTRODUCTION
One-nucleon knockout reactions from intermediate-energy beams have been extensively studied for projectile nuclei with masses in the range A ≈ 10-60. These reaction data, which measure only the fast, forward-going mass A − 1 residues, are thus inclusive with respect to the final state of the target nucleus but can be either inclusive or exclusive with respect to the (bound) final states of the mass A − 1 residues. The reactions have been used in studies of very asymmetric nuclei produced as fast (but low intensity) secondary radioactive beams, and analyses now include transitions due to the removal of both strongly bound and weakly bound nucleons, see, e.g., Refs. [1] [2] [3] . More recently, reaction studies have exploited the direct nature of the reaction mechanism for the removal of two well-bound (like) nucleons from already asymmetric nuclei to populate and probe the structure of the most neutron-rich and neutron-deficient nuclei [4] [5] [6] [7] . These analyses exploit the accuracy and simplicity of the eikonal model for the reaction dynamics at the intermediate energies, of order 100 MeV/nucleon, of fragmentation facilities [5, 7] .
A significant complication arises in the case of the removal of two weakly bound nucleons from a mass A projectile, for example, in two-neutron knockout from neutron-rich isotopes. Here, the mass A − 2 residues will result not only from the fast single-step direct knockout of a pair of neutrons but also from events in which a neutron is emitted from particle-unbound excited states of the intermediate-mass A − 1 residues populated by the stronger single-neutron knockout mechanism. This paper presents a first quantitative estimate of the relative strengths of these direct and indirect two-neutron removal mechanisms and their systematics in reactions along the carbon isotopic chain: for 15−19 C. Such an assessment is essential to understanding the extent to which experiments that measure only the mass A − 2 residues (but not the removed neutrons) may be sensitive to, and might be able to identify, novel two-neutron correlations in the surface of neutron-rich asymmetric systems, i.e., cases where the excess neutrons are weakly bound.
The aim of the present study is to carry out a systematic first analysis of available measurements of one-and two-neutron knockout data for the neutron-rich carbon isotopes 15−19 C. Our goals are (i) to compare the predicted and measured oneand two-neutron removal cross sections across all isotopes for which data are available and (ii) to investigate the systematics and relative strengths of the contributions to the two-neutron removal yields from direct (one-step) and indirect (two-step) processes. Goals (i) and (ii) require a consistent structure model for neutrons at the boundary with the p shell and in the lower part of the sd shell, including predictions of the oneand two-neutron strength distributions relative to the neutron thresholds. Only the shell model provides this information readily in a form that can be incorporated into the reaction model. The latter uses a consistent model for the neutron-and residue-target interactions based on reaction cross section and density systematics.
In Sec. II we discuss the knockout model used and our approach to calculating the one-and two-neutron removal cross sections from the neutron-rich isotopes. We then discuss the inputs, namely, the eikonal model elastic S matrices, neutron bound states wave functions, and the shell model spectroscopic strengths, needed for the model calculations of Sec. III. The results of our calculations of inclusive cross sections for both one-and two-neutron removal from 15−19 C and for the heavy-fragment parallel momentum distributions for knockout reactions from 16 C and 19 C projectiles are presented in Sec. IV. The results are summarized in the concluding section.
II. KNOCKOUT REACTION ANALYSES
Fast one-and two-neutron removal reactions from the neutron-rich carbon isotopes have been studied experimentally by several authors [8] [9] [10] [11] [12] [13] [14] [15] 19 C (lower part). The energy intervals for transitions applicable to the inclusive cross sections for the indirect two-neutron removal (one-neutron removal followed by neutron emission), σ −1n(e) , and direct two-neutron removal, σ −2n(d) , reaction mechanisms are shown. These are seen to be larger for reactions from the even-A isotopes (upper part). also measured. The experimental two-neutron removal cross sections, σ −2n , show a pronounced odd-even mass staggering, the cross section being enhanced significantly for removal from the even-A isotopes. We note that the ground-state to ground-state one-neutron separation energies also exhibit such a staggering with A, as is shown in detail for the 18 C and 19 C cases in Fig. 1 . Evident from the figure is that these trends in the separation energies result in relatively large energy windows for two-neutron knockout from beams of even A. For example, in the upper part of the figure, for 18 C, there is an extended (bound final states) energy interval below the first neutron threshold in the A − 2 system. 16 C states in this window, W 2n , can be accessed by the direct two-neutron removal mechanism. Similarly, there is an extended energy interval between the first and second neutron thresholds in the A − 1 system. Thus, the neutron single-particle strength in 17 C in this (neutron-unbound) energy interval, accessible via one-neutron removal from 18 C, will contribute to indirect two-neutron removal yield. The converse is true for the carbon isotopes with odd A, as is shown in detail in the lower part of Fig. 1 for 19 C. The trend across the chain of isotopes studied is shown in Fig. 2 .
The theoretical model cross sections for one-nucleon knockout to each final state, of spin-parity J π , are calculated using [17] . The inset shows the energy windows for one-and two-neutron knockout transitions, defined as W 1n = S 1n (A − 1) and
. Population of bound states in 17 C, in two-neutron removal from 19 C, requires either (a) direct population of 17 C bound states with excitation energy E * < S 1n (17) or (b) population of excited particle-unbound states in 18 C with S 1n (18) < E * < S 2n (18) . Both of these windows are narrow for the odd-A carbon isotopes, with the expectation of suppressed two-neutron removal cross sections.
where the C 2 S are the shell model spectroscopic factors and the single-particle cross section σ sp is calculated using the eikonal model assuming unit spectroscopic factor. The quantum numbers of the removed neutron are denoted by n j and S eff N is the effective separation energy of the neutron for the given final state. The single-particle cross sections σ sp include the contributions from both the stripping (absorption) and diffractive dissociation (elastic breakup) mechanisms. The detailed formulas for the contributions to σ sp from these two mechanisms were presented in Ref. [16] . We assume here, as there, that the heavy residue-target interaction and S matrix are diagonal with respect to the different residue states J π and thus that there is no dynamical excitation of the residue in the reaction. The consequence for the present work is that, for the odd-A carbon projectiles where different neutron orbitals (j ) can contribute to a given J π final state, they do so incoherently. Equation (1) shares this feature with conventional (e.g., distorted-wave Born approximation, DWBA) reaction model expressions for unpolarized transfer reaction cross sections.
In direct two-neutron removal, the theoretical cross sections do not factor into a structure (spectroscopic) factor and a single-particle cross section. The cross section involves the coherent sum over all configurations with nonvanishing shell model two-nucleon amplitudes (TNA), as discussed fully in Refs. [5, 7] . For example, the cross section for the stripping of two nucleons populating a particular final state f is given by
024616-2 with A ≡ A( b, 1, 2) the stripping mechanism joint probability
and the two-nucleon overlaps are given by [5] (f ) , given by shell model calculations, and contain the structure details, in particular, the parentage and phase of each contributing two-nucleon configuration. As was discussed for the one-neutron removal case, in writing Eq. (2) we made use of the spectator-core approximation with the result that for the odd-A carbon projectiles, where more than one two-neutron pair total angular momentum I is possible, these contribute incoherently to each J π final state. This was shown explicitly in Ref. [5] . While not pursued further here, we note that the residue parallel momentum distributions following direct two-nucleon removal reactions depend strongly on the total angular momentum I of the pair of removed nucleons [18, 19] . Further, these analyses show that the spatial and impact-parameter selectivity and sensitivity of the stripping and diffraction mechanisms are very similar.
Here, we include full calculations of the direct two-neutron removal yields from both (i) two-neutron stripping, the σ str of Eq. (2), and (ii) one-neutron being stripped (labeled i = 1, 2) and the other diffracted, denoted σ diff,i [7] . Thus, because of the two removed neutrons, this total stripping-diffraction cross section is σ ds = σ diff,1 + σ diff,2 .
The two-neutron diffraction events are only estimated. Such an estimate can be made in two ways. The first (preferred) method, following Ref. [7] , makes use of the ratio of the cross sections obtained when one neutron is stripped and the other elastically dissociated, σ diff,i , compared with both neutrons being stripped, σ str , as obtained above. That is, assuming all removal mechanisms have similar spatial and impact-parameter selectivity, e.g., Refs. [18, 19] , we estimate the probability of two-neutron diffraction events relative to two-neutron stripping events as
2 . This is our preferred estimate, since the calculations of both σ diff,i and σ str include all spatial correlations present in the shell model two-neutron overlaps. For the cases considered here, we typically find that σ diff,i /σ str ≈ 0.40-.45 and hence that σ diff makes a contribution of about 6-9% of the total direct two-neutron removal cross sections.
A second estimate of the importance of σ diff can be obtained if we take instead our estimate of the probability of neutron diffraction to stripping events from the diffractive and stripping contributions of the one-neutron removal cross sections σ sp , but calculated using the average separation energy of the two removed neutrons. This simpler estimate clearly does not take account of two-neutron correlations present in the shell model wave functions. Nevertheless, it provides a similar estimate of the predicted σ diff /σ str ratio, giving 11% of the total direct two-neutron removal cross sections in the 15 C projectile case.
We will see in the following that indirect two-neutron removal, involving single-neutron removal strength to neutronunbound excited states in the A−1 C system followed by neutron emission, dominates over the direct two-neutron removal mechanisms above. Thus, while the calculation of σ diff should be improved in subsequent fully quantitative studies, and will be needed as and when experiments are able to disentangle the direct two-neutron removal contribution, the estimate above is sufficient for the inclusive and still rather low precision data available to date.
III. MODEL INPUTS
We adopt the eikonal model description of the reaction mechanism. Given an interaction description, the eikonal approximation has been shown [20] to provide a rather accurate description of the elastic S matrix and derived observables for incident projectile energies of 50 MeV/nucleon and greater. There are also strategies known to improve the description of the S matrix to lower beam energies if required, e.g., in Refs. [21, 22] . The underlying model assumptions improve as the beam energies increase, so, in the following, when multiple data sets are available for a given projectile, we perform calculations for the highest incident beam energy for which data are available. In the following, only one data set is at 64 MeV/nucleon. All other data are at 80 MeV/nucleon or higher.
More details of our eikonal model implementation can be found in Refs. [2, 3, 7] . The required neutron-and residue-target elastic S matrices were calculated using the static density limit of the eikonal model [23] , or equivalently, the singleand double-folding models, respectively, using the residue and target point neutron and proton densities and an effective nucleon-nucleon (NN) interaction. The densities for the mass A − 1 and A − 2 residues from each projectile were taken from spherical Skyrme (SkX) Hartree-Fock (HF) calculations [24] . The densities of the carbon (beryllium) target nuclei were assumed to be of Gaussian form with a rms matter radius of 2.32 (2.36) fm. A finite-range, Gaussian NN effective interaction of range parameter 0.5 fm was used. Its strength was calculated from the free neutron-neutron and neutron-proton cross sections appropriate to the beam energy and from the real-to-imaginary ratios of the NN forward scattering amplitudes at the lowest energy tabulated by Ray [25] , this being for a beam energy of 100 MeV/nucleon. This parameter choice generates neutron-target S matrices that reproduce the measured neutron-target reaction cross sections and have also been shown, e.g., in Ref. [26] , to reproduce calculations of exclusive neutron-removal cross sections based instead upon the microscopic G matrix interaction of Jeukenne, Lejeune, and Mahaux [27] . Most recently, this parameter choice has also been shown to reproduce the ratios of the diffraction and stripping mechanism yields, now measured precisely in 8 B and 9 C induced reactions by Bazin et al. [28] , and confirming an earlier but poorer statistics analysis by Enders et al. [29] .
Were we to extrapolate (by polynomial fit) the parameters of Ray [25] below their tabulated range, i.e., <100 MeV/nucleon, we would obtain a small enhancement of the diffractive cross section, of ≈10% at 80 MeV/u and ≈15% at 60 MeV/u. Of course all stripping cross sections, whose dependence on the S matrices are through |S| 2 , remain unchanged. This small, <100 MeV beam energy uncertainty has no bearing on the conclusions that we draw here.
Whereas in one-nucleon knockout studies that attempt to extract absolute spectroscopic strengths from experimental data, see, e.g., Ref. [3] , the removed nucleon's wave functions are also constrained using HF inputs, in the present work the wave functions of all bound states are calculated in a Woods-Saxon well of a fixed geometry. All neutron singleparticle radial wave functions were calculated using a standard Woods-Saxon potential geometry with a radius parameter r 0 = 1.25 fm and a diffuseness a 0 = 0.7 fm. The sensitivity to this choice has been shown to be small [3] . The depths of the potential wells in each case were adjusted to reproduce the empirical separation energy, and the excitation energy of each final state was taken into account. The ground-state to ground-state one-and two-neutron separation energies were taken from the 2003 mass compilation [17] .
Shell model calculations were used for the required level energies, spectroscopic factors, and two-nucleon amplitudes. These were performed using the code OXBASH [30] . The calculations used the WBP effective interaction [31] , and a model space truncated to allow 0hω and 1hω excitations relative to the p-sd ground state. The small center-of-mass correction factor [A/(A − 1)] N , shown in Eq. (1), with N the principal oscillator model quantum number of the removed-nucleon shell [32] , was applied to the shell model spectroscopic factors in all single-neutron removal calculations. We note, however, that in its formulation, it is assumed that the removed neutron occupies the highest occupied oscillator shell in the initial state. No such corrections were applied to the two-nucleon amplitudes.
The theoretical inclusive one-and two-neutron removal cross sections will clearly be sensitive to which excited states the shell model calculations predict to lie above or below the relevant neutron thresholds. A general tendency of oscillatorbased shell model calculations is for theoretical excited state energies to overestimate those measured. Thus, there is some degree of ambiguity as to how much of the single-particle strength the shell model places in a given physical excitation energy window. In the following, the one-neutron removal cross sections were calculated for all final states of significant spectroscopic strength in the relevant energy windows. To estimate the sensitivity to these spectroscopy details, in the case of the indirect two-neutron removal mechanism, we have also calculated one-neutron removal cross sections for states up to 1.5 MeV above the two-neutron thresholds. In so doing, we quantify possible additional contributions arising from states predicted by the shell model to be two-neutron unbound, but which may in reality be unbound only to one-particle emission.
In essentially all cases, the one-and two-particle strengths predicted (by the shell model) to lie below the physical neutron thresholds are consistent with the empirical reaction yields. However, for 16 C and 18 C, states predicted by the shell-model to lie above the neutron thresholds have been observed experimentally as particle-bound states. Generally, the experimentally observed levels are lower in energy than those predicted theoretically. Thus, in the following, when experimental energies are available for strong single-particle transitions, these empirical energies have been used. These cases are identified in the tables of results in Sec. IV. These reduced final state excitation energies clearly reduce the effective neutron separation energies S eff n entering the reaction calculations resulting in a modest enhancement of the theoretical single-particle cross sections to these excited states.
In 16 [9] assume that the two states near 4.9 MeV are neutron bound. Calculations using a modified version of the WBT interaction [33] also suggest that the 2 + and 3 + states are bound with respect to neutron emission. The 2 + and 3 + shell model states are thus expected to be bound. In the absence of experimental information for the energy of the 1 − state, we assume the shell model value, and thus the state will contribute to the two-neutron removal cross section.
IV. RESULTS
We now present the results of the calculations of the inclusive cross sections following one-and two-neutron removal from the 15−19 C isotopes. The parallel momentum distributions of the residues following one-and two-neutron removal, from the 16 C and 19 C systems, are also presented.
A. Results for one-neutron knockout
The results for the calculated inclusive (and also their component exclusive) one-neutron removal cross sections are presented in Table I . For each isotope A, the table shows those neutron states used, together with their associated singleparticle cross sections and spectroscopic factors, to compute each one-neutron removal inclusive cross section σ −1n . The calculations are seen to be in reasonable agreement with the experimental values, given their stated errors, and with the previous theoretical analysis of Refs. [9] and [12] . For 19 C, the evaluated one-neutron separation energy, S 1n (19) = 0.58 MeV [17] , is now smaller than that used in Ref. [9] , resulting in an enhanced cross section for the = 0 knockout to the 18 C ground state. Unless stated otherwise, see, e.g., the previous section regarding states in 16 C and 18 C, all of the predicted shell model states with excitation energies E * S 1n (A − 1) are included. The trends of the cross sections across the full isotopic chain are shown in Fig. 3 . The solid line connects the theoretical calculations of σ −1n for the reactions of Table I , without any scaling. All available data sets, shown by the symbols (see the figure caption), are well described. The experimental data follow the trends suggested by the size of the energy windows available for the population bound final states. This simple pattern is however distorted as a result of the enhancement of cross sections due to the weaker neutron binding in the odd A projectiles. In the case of 18 C, the cross section is enhanced over what might be expected from the simple energy window argument due to the existence of the two low-lying excited states below the (small) one-neutron separation energy in 17 C, resulting in a large spectroscopic strength in the narrow available energy window.
While not a primary object of the present study, the suppression factors R s = σ exp /σ −1n deduced from the experimental and theoretical inclusive cross sections are also shown in Table I . While the error bars (computed from the experimental error) are significant, these R s are near unity and are consistent with the R s systematics computed for a wide range of systems, asymmetries and separation energies, shown most recently in Figure 6 of reference [3] . The effective differences in the energies of the neutron and proton Fermi surfaces,
, obtained by weighting the excitation energy E * of each shell model final state by the calculated neutron removal cross section to that state, are also given in the Table. B. Results for two-neutron knockout Table II shows the cross sections due to indirect two-neutron removal, σ −1n(e) , resulting from single-neutron knockout to unbound states in the A − 1 daughter. The single-particle cross sections and shell model spectroscopic factors used are also collected there. We include all states of significant spectroscopic strength below the two-neutron separation energy S 2n (A − 1) of the A − 1 daughter. As was discussed earlier, and to assess the sensitivity of the cross sections to the shell model spectroscopy, we have also calculated cross sections when including the additional contributions from shell model states predicted to lie above but within 1.5 MeV of the two-neutron threshold in the mass A − 1 system. The calculated direct two-neutron removal cross sections are shown in Table III . For each projectile A, we show the contributions where both nucleons are absorbed σ str , where one nucleon is absorbed and the other removed via diffraction σ ds , and our estimate of events where both neutrons are removed by diffraction σ diff . These cross sections are presented in Fig. 4 .
Inspection of the results for the two-neutron knockout cross sections in Tables II and III show the reaction yields to be dominated by the one-neutron knockout plus evaporation process. The measured total two-neutron removal cross sections are generally underestimated, particularly when we might expect an additional modest reduction in the theoretical values due to the suppression of shell model strength. On the other hand, a more general reduction of the shell model state energies would (a) bring more states below the two-neutron thresholds and (b) enhance the cross sections for those states already within the energy window, due to a reduction of separation energies, and would enhance the theoretical values. These possibilities have TABLE III. Results of full calculations of the stripping (str) and diffraction/stripping (ds), and the estimated diffraction (diff) contributions to the exclusive direct two-neutron removal cross sections from the neutron-rich carbon isotopes. The calculations are for a 12 C target for the 15 C, 16 C, 17 C, and 18 C projectiles at 83, 83, 79, and 80 MeV/nucleon, respectively, and for a 9 Be target for 19 C at 64 MeV/nucleon. Their totals for each final state, σ −2n(d) , and the inclusive direct two-neutron removal cross sections are also shown. not been explored further here and do not affect the conclusions of the present analysis. These trends across the carbon isotopic chain are summarized in Fig. 4 . The dotted and dashed lines connect the calculated σ −2n(d) and σ −1n(e) , respectively, with their sum given by the solid line. When including the additional shell model states (within 1.5 MeV above the A − 1 twoneutron threshold), the cross sections are given by the open inverted triangles. The trends of the data are qualitatively well reproduced, except in the case of 15 C. The staggering of the theoretical cross section is largely due to the staggering of the total spectroscopic strength for one-neutron removal to unbound states, the direct consequence of the staggered energy windows and one-neutron separation energies. The single-particle cross sections for these reasonably well-bound states exhibit no significant staggering with A.
The experimental data are not well reproduced in the case of two-neutron removal from 15 C. While the theoretical calculation deviates from the experimental trend, it is consistent with that suggested by the size of the final state energy windows, shown in Fig. 2 . We note that the one-neutron separation energy for 14 C is large, so the states in 14 C that contribute to σ −1n(e) are relatively high in excitation when compared with other examples discussed here, i.e., between 8.176 and 13.122 MeV. Our calculations are consistent with the small spectroscopic strength we would expect to find at these energies. To reproduce the experimental data point would require an increase of the total spectroscopic strength in this energy window by at least a factor of 2. Table III ) and indirect one-neutron knockout to unbound intermediate states (dashed line and Table II) , two-neutron removal mechanisms. The solid line shows the summed cross sections. The open inverted triangles show the total cross sections when including the additional contributions from shell model states predicted to lie above but within 1.5 MeV of the two-neutron threshold in the mass A − 1 system. The calculations are for a 12 C target for the 15 C, 16 C, 17 C, and 18 C projectiles, at 83, 83, 79, and 80 MeV/nucleon, respectively, and for a 9 Be target for 19 C at 64 MeV/nucleon. The measured cross sections are for 15 
C. Results for parallel momentum distributions
Parallel momentum distributions for one-nucleon removal have a shape characteristic of the orbital angular momentum of the removed nucleon. The parallel momentum distribution following direct two-nucleon knockout has a width characteristic of the coupling of the two removed nucleons in the initial state [18, 19] . In calculating the two-nucleon removal parallel momentum distributions, we sum the contributions arising from the direct and indirect processes. For the latter process, we use the initial one-nucleon knockout distribution, assuming this is unaffected by the subsequent (low-energy) evaporation process and that any broadening due to evaporation is small. Uncertainties in the energies of excited states will also affect the widths of the theoretical parallel momentum distributions, final states of higher excitation giving broader momentum distributions. Figures 5 and 6 show the parallel momentum distributions for one-and two-neutron knockout from 16 C and 19 C, respectively. The one-neutron removal distributions show contributions arising from = 0 (dotted) and = 2 (dashed) neutron knockout. These include the shell model suppression dσ/dp // (mb / (MeV/c))
Theoretical parallel momentum distributions for oneand two-neutron removal from 19 C, compared with the data of Ref. [13] . The one-neutron distribution (upper panel) is calculated based on the stripping mechanism and is scaled to the measured integrated inclusive cross section. The calculation had to be offset by −10 MeV/c to overlay the data. The two-neutron (lower panel) removal cross section (solid line) includes contributions from the indirect (dotted line) and direct (dashed line) mechanisms. The dotted-dashed curve results when the total theoretical distribution is scaled to the data. The two-neutron removal distributions had to be offset by −16 MeV/c. factor R s derived from the inclusive cross sections. All of the final states shown in Table I were included in the calculations and have been summed according to their orbital angular momentum for simplicity. The relative strengths of s-and d-wave components are not fitted and are essentially given by the shell model spectroscopic factors. The strong s-wave component in the 19 C → 18 C distribution is consistent with the now accepted J π = 1/2 + ground-state assignment for 19 C. Despite our assumed lack of broadening of the distribution from the evaporation step of the indirect two-neutron removal mechanism, the experimental distributions for 16 C → 14 C and 19 C → 17 C are qualitatively well described. In both cases, the largest contributions arise from = 1 indirect knockout (see Table II ). The 16 C → 14 C distribution shows surprisingly good quantitative agreement, and while the 19 C → 17 C case shows a clear underestimate in the absolute magnitude of the cross section, scaling the calculated distribution shows good qualitative agreement with the measured shape. The low-momentum tails visible in the experimental data are not reproduced; the sudden eikonal model is explicitly energy nonconserving and always produces distributions symmetric about zero momentum in the projectile rest frame.
V. SUMMARY AND CONCLUSIONS
In summary, one-and two-neutron removal cross sections from the neutron-rich carbon isotopes have been calculated using the eikonal reaction plus shell model structure models. The one-neutron removal cross sections are in good agreement with the published experimental values. The two-neutron removal cross sections were calculated by considering the removal of one-neutron to an unbound state in the A − 1 daughter, with the assumption that this unbound state will decay by neutron emission to bound states in the A − 2 residue. Fully correlated direct two-neutron removal cross section were also calculated, and it was shown that the two-neutron removal process is dominated by the former one-neutron removal to unbound states mechanism. The staggering in the experimental two-neutron removal cross sections, understood as arising from the staggering of the neutron separation energies, is reproduced qualitatively. The published 15 C → 13 C data point does not follow the trend suggested by these general arguments or the systematics of the other odd-A isotopes. More experimental information on this reaction, with higher statistics, would thus be of value. The available inclusive parallel momentum distributions of the reaction residues following one-and two-neutron knockout from 16 C and 19 C are also well reproduced by the theoretical calculations.
Our calculations for two-neutron removal are in general smaller than experimental observations, particularly when considering the expected (modest) suppression of the shell model strengths used. However, the error bars on the twoneutron removal cross sections are also appreciable. We note that we have used only an estimate of the direct, two-neutron elastic breakup contributions, as used previously elsewhere. This suggests that this mechanism enters at the 10% level to the (already small) direct two-neutron removal component. An improved estimate would nevertheless be valuable in the future, in particular, if and when exclusive measurements that allow one to isolate the direct contribution become feasible. We have shown clearly and quantitatively that the single-neutron knockout plus evaporation mechanism dominates over the direct two-nucleon removal mechanism in situations where the removed nucleons are initially weakly bound. This makes investigations of two-neutron correlations in such systems using this technique much more difficult. Such two-step processes will also be important in reactions that remove unlike nucleons, np pairs, from exotic nuclei, where one of the nucleons must necessarily lie near a weakly bound Fermi surface.
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